As a means to develop African horse sickness (AHS) vaccines that are safe and DIVA compliant, we investigated the synthesis of empty African horse sickness virus (AHSV) particles. The emphasis of this study was on the assembly of the major viral core (VP3 and VP7) and outer capsid proteins (VP2 and VP5) into architecturally complex, heteromultimeric nanosized particles. The production of fully assembled corelike particles (CLPs) was accomplished in vivo by baculovirus-mediated co-synthesis of VP3 and VP7. The two different outer capsid proteins were capable of associating independently of each other with preformed cores to yield partial virus-like particles (VLPs). Complete VLPs were synthesized, albeit with a low yield. Crystalline formation of AHSV VP7 trimers is thought to impede high-level CLP production. Consequently, we engineered and co-synthesized VP3 with a more hydrophilic mutant VP7, resulting in an increase in the turnover of CLPs.
Introduction
African horse sickness virus (AHSV), an arbovirus (genus Orbivirus) of the family Reoviridae, is the causative agent of African horse sickness (AHS), a highly infectious disease of equids of which the mortality rate in susceptible horse populations may exceed 95% (Coetzer and Guthrie, 2004) . The AHSV genome is composed of 10 segments of linear double-stranded (ds) RNA, which encode four nonstructural proteins (NS1 to NS4) and seven structural proteins (Bremer, 1976; Grubman and Lewis, 1992; Zwart et al., 2015) . The virion is a nonenveloped icosahedral particle (Oellermann et al., 1970; Burroughs et al., 1994) composed of three concentric protein layers (Manole et al., 2012) . The core particle comprises of a VP7 surface layer and an underlying VP3 layer, which encloses the genomic dsRNA segments and three enzymatic minor proteins (VP1, VP3 and VP6). The core is surrounded by an outer capsid com-posed of VP2 and VP5, with VP2 being the major serotypespecific determinant and neutralizing antigen (Mart´nez-Torrecuadrada et al., 1994 Roy et al., 1996; Scanlen et al., 1998) .
African horse sickness is endemic in sub-Saharan Africa, but spo-radically escapes from its geographical area and extends to North Africa, the Middle East, the Arabian Peninsula and Mediterranean countries (Carpano, 1931; Alexander, 1948; Lubroth, 1988; Howell, 1963) . Since no effective treatment exists for AHS, control of the disease relies on preventative vaccination programmes. To date, nine different serotypes of AHSV (AHSV-1 to AHSV-9) have been identified in Africa (Howell, 1962) . In endemic areas, vaccination is performed by administration of combinations of representative live, attenuated strains of the different AHSV serotypes. Although serotypes 5 and 9 are excluded from vaccine formulations, these serotypes partially cross-reacts with serotype 8 and serotype 6, respectively (von Teichman et al., 2010) . Despite their efficacy, AHS attenuated live virus vaccines are associated with several disadvantages. These include, amongst other, the risk of gene seg-ment reassortment between field and vaccine strains, the risk of introducing foreign topotypes into new geographical regions since vaccines are based on South African strains, and the lack of DIVA (differentiating infected from vaccinated animals) capability (Van Dijk, 1998; Mellor and Hamblin, 2004; Maclachlan and Guthrie, 2010) .
The shortcomings of currently available AHS attenuated live virus vaccines have motivated efforts to develop alter-native safe and efficacious vaccines. Over the years, vaccines based on baculovirus-expressed AHSV capsid proteins (Mart´nez-Torrecuadrada et al., 1994; Roy et al., 1996; Scanlen et al., 2002) , DNA vaccines (Romito et al., 1999) and vaccines based on the use of poxvirus expression vectors (Chiam et al., 2009; Guthrie et al., 2009 ) have been pursued with varying degrees of success. A particularly promising approach for the development of an inherently safe AHS vaccine may be the production of virus-like particles (VLPs). These are self-assembling, non-replicating, non-pathogenic synthetic particles that mimic the native virus, as well as contain a diverse, repetitive high-density display of viral epitopes in the native conformation. VLP-based vaccines not only elicit humoral immune responses, but are also effective in stimulating CD4 + proliferative and cytotoxic T lymphocyte (CTL) responses (Grgacic and Anderson, 2006; Kang et al., 2009 ). These attributes render VLPs safer than the conventional vaccines and superior to recombi-nant single-protein subunit vaccines in eliciting strong, long-lived protective immune responses, even in the absence of adjuvants (Noad and Roy, 2003; Grgaciac and Anderson, 2006) . Notably, VLPs of the prototype orbivirus, bluetongue virus (BTV), produced by baculovirus-mediated co-expression of the four major structural proteins (VP2, VP5, VP7 and VP3) in insect cells, were shown to stimulate a long-lasting protective immune response in vaccinated sheep Stewart et al., 2010) .
Previously, co-infection of insect cells with single-gene recombinant baculoviruses expressing the VP3 or VP7 proteins of AHSV was shown to permit the assembly of core-like particles (CLPs), albeit that this approach resulted in a low yield of mostly partially assembled CLPs (Maree et al., 1998) . Consequently, the production of multilayered, heteromultimeric protein complexes, such as VLPs, has remained an elusive goal in the case of AHSV. Here, we report a recombinant baculovirus expression system that allowed the expression of various combinations of the four major AHSV-9 structural proteins and the assembly of CLPs, partial VLPs or complete VLPs. The efficient assembly of CLPs composed of VP3 and more soluble, but structurally similar mutant VP7 trimers, is also described.
Materials and methods

Insect cells and viruses
Spodoptera frugiperda clone 9 cells (Sf9; ATCC CRL-1711) were grown in suspension or in monolayer cultures at 27 • C in Grace's medium (Lonza) supplemented with 10% (v/v) fetal bovine serum (FBS) and an antibiotics-antimycotic solution (streptomycin, penicillin and fungizone). Recombinant single-gene baculoviruses, 9.2, 9.3 and 9.7, which expresses the VP2, VP3 and VP7 proteins of AHSV-9, respectively, have been described previously (Maree et al., 1998; Venter et al., 2000) .
Construction of recombinant baculovirus transfer plasmid DNA
Baculovirus pFastBAC-dual transfer plasmids (Invitrogen Life Technologies), containing different combinations of the coding regions of the four major structural proteins (VP2, VP5, VP3 and VP7) of AHSV-9, were constructed, as described below, according to standard procedures (Sambrook and Russell, 2001) . The integrity and orientation of cloned inserts relative to the polyhedrin and p10 promoters were verified by nucleotide sequencing.
To construct pFBd9.3-9.7, the VP7 coding sequence was isolated from plasmid pBR-9.7 (Maree et al., 1998) as a BglII fragment and cloned into the BamHI site of pFastBAC-dual to generate pFBd9.7. The VP3 coding sequence was recovered from plasmid pBR-9.3 (Maree et al., 1998 ) by digestion with BglII and then cloned into the BbsI site of pFBd9.7 to complete construction of pFBd9.3-9.7. In this construct, the VP7 and VP3 coding sequences are under the transcriptional control of the polyhedrin and p10 promoters, respectively.
The wild-type VP7 coding sequence of pFBd9.3-9.7 was also replaced with a mutant version of VP7, which contains an insertion of six amino acids (KLSRVD) between position 177 and 178. (Rutkowska et al., 2011) . For this purpose, the wild-type VP7 coding sequence was excised from pFBd9.3-9.7 by digestion with PstI and partial digestion with BamHI (5 internal site) and replaced with the mutant VP7 coding sequence, which was recovered as a BamHI/PstI DNA fragment from pFB9.7mt. The resulting plasmid was designated pFBd9.3-9.7mut.
For construction of pFBd9.6-9.7, the VP5 coding sequence was isolated as a BamHI fragment from plasmid pBS-9.6 (Du Plessis and Nel, 1997) and then cloned into the corresponding site of pFastBACdual to yield pFBd9.6. The VP7 coding sequence was recovered from pBR-9.7 as a SmaI/SalI fragment and cloned into the SmaI and XhoI sites of pFBd9.6. The derived construct, pFBd9.6-9.7, contains the VP5 and VP7 coding sequences under the transcriptional control of the polyhedrin and p10 promoters, respectively.
To construct pFBd9.2-9.3, the VP3 coding sequence was recovered from plasmid pBR-9.3 by digestion with BglII, treated with Klenow polymerase and then blunt-end cloned into the SmaI site of pFastBAC-dual to generate pFBd9.3. The VP2 coding sequence was isolated from plasmid pBS-9.2 (Venter et al., 2000) as a SalI/XbaI fragment and cloned into the corresponding sites of pFBd9.3. The resulting plasmid, pFBd9.2-9.3, contains the VP2 and VP3 coding sequences under the transcriptional control of the polyhedrin and p10 promoters, respectively.
Generation of recombinant baculoviruses
A recombinant baculovirus series, containing the expression cassettes as described above, was constructed by means of the BAC-to-BAC TM baculovirus expression system (Invitrogen Life Technologies), following the manufacturer's instructions. This series included 9.3-9.7 (VP3.VP7), 9.3-9.7mut (VP3.VP7mut), 9.6 (VP5), 9.6-9.7 (VP5.VP7) and 9.2-9.3 (VP2.VP3) baculoviruses. The progeny baculoviruses were plaque-purified and high-titre virus stocks were prepared according to the methods described by O'Reilly et al. (1994) .
Analysis of AHSV-9 capsid proteins expressed in insect cells
Sf9 cells were infected with the recombinant baculoviruses at a multiplicity of infection (MOI) of 5 pfu/cell. At 48-72 h post-infection, whole-cell lysates were analyzed by SDS-PAGE. Alternatively, radiolabelled proteins were prepared by starving infected cells of methionine for 1 h in methionine-free Eagle's medium (BioWhittaker) at 26 h post-infection, followed by addition of 15 Ci [ 35 S]-methionine/ml and incubation for 3 h. At 30 h post-infection, radiolabeled proteins in whole-cell lysates were separated by SDS-PAGE and detected by autoradiography.
Ultra-thin section electron microscopy of baculovirus-infected insect cells
Monolayers of mock-infected Sf9 cells and cells infected with wild-type baculovirus (WT), 9.3-9.7 (VP3.VP7) or 9.3-9.7mut (VP3.VP7mut) at a MOI of 5 pfu/cell were harvested at 48 h postinfection and suspended in 300 l of PBS to obtain a density of 1 × 10 7 cells/ml. An equivalent volume of pre-warmed (37 • C) 0.2 M sodium cacodylate buffer (pH 7.35) containing 2% glutaraldehyde was added to the cell suspension, followed by addition of 200 l of pre-warmed (40 • C) 2% agarose (Seakem Bacplaque). The cells were concentrated by centrifugation at 400 × g for 2 min and fixed with the above buffered glutaraldehyde solution for 2 h. The cells were post-fixed in 1% osmium tetroxide in 0.2 M sodium cacodylate buffer (pH 7.35) for 2 h, before being dehydrated in ethanol and embedded in resin (Araldyte 502). Ultra-thin sections were cut and collected on 300-mesh copper grids, stained in 2% (w/v) uranyl acetate and Reynolds' lead citrate. The sections were viewed with a Jeol JEM-1200EX Mk-I transmission electron microscope at 80 kV.
Purification and characterization of AHSV-9 particles
Sf9 cells were infected with 9.3-9.7 (VP3.VP7) or 9.3-9.7mut (VP3.VP7mut) to synthesize CLPs. In order to synthesize partial VLPs, Sf9 cells were co-infected with 9.3-9.7 (VP3.VP7) and either 9.6 (VP5) or 9.2 (VP2). The synthesis of VLPs was investigated following co-infection with 9.6-9.7 (VP5.VP7) and 9.2-9.3 (VP2.VP3). The concentrated samples were adsorbed onto Formvar carbon-coated, 400-mesh copper grids, washed by floating successively on droplets of TN buffer and then negatively stained with 2% (w/v) uranyl acetate for 30 s. The number of assembled AHSV particles in similarly prepared, semi-purified samples were counted over at least ten EM fields at a magnification of 60 000 and the aver-age number of particles was determined. For detection of VP7 or VP5, EM grids preadsorbed with AHSV particles were floated on droplets of a 1:100 dilution of VP7 monoclonal antibody (Van Wyngaardt et al., 1992) or VP5 monospecific antiserum (Depart-ment of Genetics, University of Pretoria) for 20 min. Grids were contrasted and examined with a Jeol JEM-1200EX Mk-I transmis-sion electron microscope at 80 kV.
Structural modeling
A homology model of a hexameric ring of AHSV-9 VP7 trimers in interaction with the underlying VP3 molecules was constructed with Modeller 9v1 (Fiser and Sali, 2003) by making use of the crystallographic reconstruction of an empty BTV-1 core from the VIPERdb database (Carrillo-Tripp et al., 2008) as structural template (pdb2BTV). Pairwise target-template sequence alignments were performed with ClustalX, i.e. VP3 of AHSV-9 and BTV-1 (GenBank and UniProt accession no. KJ156526 and P56582, respectively), and VP7 of AHSV-9 and BTV-1 (GenBank and UniProt accession no. U90337 and P18259, respectively). A crystallographic reconstruction of the top domain of AHSV-4 VP7 (pdb1AHS) was also utilized as structural template to generate homology protein models of the top domain of the wild-type or mutant AHSV-9 VP7 proteins with the ESyPred3D homology modeling program (Lambert et al., 2002) . All models were visualized and analyzed with the PyMOL Molecular Graphics System v0.98 (DeLano, 2002) .
Results
Synthesis and characterization of AHSV CLPs composed of VP3 and VP7
To determine whether the major core proteins VP3 and VP7 of AHSV-9 can efficiently assemble into CLPs (Fig. 1 A) , Sf9 cells were infected with 9.3-9.7 (VP3.VP7). Co-synthesis of unique proteins, of which the sizes agreed with those expected for the viral VP3 (90 kDa) and VP7 (37 kDa), was confirmed by SDS-PAGE and autoradiography (Fig. 1B) . The identity of the respective encoded proteins were confirmed with immunoblot analyses (Supplementary Fig. 1 ). Analysis of thin sectioned Sf9 cells by TEM revealed the formation of multimeric protein structures in vivo. At 48 h post-infection, the 9.3-9.7 (VP3.VP7)-infected cells exhibited ultrastructure largely consistent with that of wild-type baculovirus-infected cells. This included an enlarged nucleus containing abundant rod-shaped bac-ulovirus nucleocapsids. However, the most notable difference in 9.3-9.7 (VP3.VP7)-infected cells were the presence of two unique protein complexes. Cytoplasmic linear or paracrystalline arrays composed of empty nanoparticles of ca. 72 nm in diameter were identified (Fig. 1C) . In addition to these complexes, large VP7 crys-talline structures were readily observed in the cytoplasm or nucleus of cells infected with 9.3-9.7 (VP3.VP7) (Fig. 1C) . Autonomous crys-tal formation in vivo is a feature unique to AHSV VP7 amongst the orbiviruses (Burroughs et al., 1994; Maree and Paweska, 2005) . No similar structures to those described above were observed in wild-type baculovirus-infected cells (Fig. 1D) .
The self-assembled nanosized particles identified in insect cells co-synthesizing AHSV VP3 and VP7 were purified and examined by negative contrast TEM. The purified material exhibited a homogenous appearance with a diameter of ca. 72 nm (Fig. 1E) , which is typical for authentic AHSV core particles (Fig. 1F) , as described by Oellermann et al. (1970) and Burroughs et al. (1994) . The icosahedral particles also displayed knob-like protrusions that radiated outwards, which is characteristic of the orbivirus ring-like arrange-ment of VP7 capsomers (Fig. 1E) . The identity of the CLPs was verified by antibody decoration using VP7-specific monoclonal antibodies that bound to the surface of the particles ( Fig. 1G and Supplementary Fig. 2 ). By comparison to undecorated CLPs, the surface-bound antibody in the presence of salts of the heavy metal uranium, resulted in a marked increase in the image contrast as strongly scattering matrix or cast that surrounded the weakly scat-tering proteins. The negative stain enveloped the particle surfaces and filled intervening spaces resulting in visibly coated particle images. The overall ultrastructure of the decorated particles were consistent with that of empty AHSV cores. The antibody did not bind to other heteromultimeric particles in the protein sample, such as baculoviruses.
Synthesis and characterization of partial and complete purified AHSV VLPs
The assembly of the AHSV capsid proteins into partial or complete VLPs was demonstrated utilizing co-infection approaches with two recombinant baculoviruses. The identity of the respective encoded proteins were confirmed with immunoblot analyses (Sup- Sf9 cells were co-infected with recombinant baculoviruses 9.2 (VP2), 9.6 (VP5), 9.3-9.7 (VP3.VP7), 9.2-9.3 (VP2.VP3) and 9.6-9.7 (VP5.VP7) in different combinations to generate partial or complete VLPs. Baculoviruses 9.3 (VP3) and 9.7 (VP7) were included as controls. plementary Fig. 1) . Infection of insect cells with 9.2 (VP2), 9.6-9.7 (VP5.VP7) or 9.2-9.3 (VP2.VP3) resulted in the expression of unique proteins of which the sizes agreed with those expected for the viral VP2 (109 kDa), VP5 (64 kDa) and VP7 (37 kDa), or VP2 and VP3 (90 kDa), respectively ( Fig. 2A-C) . Recombinant baculovirus, 9.3-9.7 (VP3.VP7), was also utilized to co-synthesize VP3 and VP7 (Fig. 1B) .
To investigate whether the corresponding proteins of AHSV can independently interact with preformed AHSV CLPs to yield partial VLPs (Fig. 2E) , both VP3 and VP7 were co-expressed in Sf9 cells with either VP2 or VP5. Subsequently, TEM analysis of negativelycontrasted particles, purified from Sf9 cells co-infected with 9.3-9.7 (VP3.VP7) and either 9.6 (VP5) or 9.2 (VP2), indicated that these structures were icosahedral, empty and had a maximum diameter of 76 nm ( Fig. 2F and G) . The capsids of putative CLPs associated micrographs of thin sections of wild-type baculovirus-infected Sf9 cells contrasted with 2% aqueous uranyl acetate and Reynolds' lead citrate. At a higher magnification (left), baculoviruses were observed, while no similar structures to those described above in (C) were present. (E) Transmission electron micrograph of nanosized particles (72 nm) that were purified from cells co-synthesizing AHSV VP3 and VP7. Their size and overall ultrastructure resembled empty AHSV cores. (F) Transmission electron micrograph of authentic AHSV cores purified from virions. (G) TEM of CLPs bound to VP7-specific monoclonal antibodies. with VP2 were noticeably different from CLPs. Unlike the CLPs that were characterized by a prominent spiky, knob-like surface layer, the surface of particles associated with VP2 appeared smoother with a higher electron density. However, similar to CLPs, the empty particles produced in insect cells co-expressing VP3, VP5 and VP7 were characterized by a knobby surface ultrastructure, although a higher electron density was evident (Fig. 2G) . In order to verify whether VP5 is indeed associated with AHSV CLPs, antibody deco-ration using a VP5 monospecific antiserum (Fig. 2G ) was performed. The antiserum bound to these particles, but not to contaminating baculoviruses or cellular material. These results suggest that in the presence of AHSV CLPs, molecular interaction of VP2 or VP5 with the core surface layer does not rely on the presence of both proteins.
We next examined whether heterologous expression of the four major AHSV-9 capsid proteins could result in their selfassembly into VLPs (Fig. 2E) . To accomplish this, Sf9 cells were coinfected with 9.2-9.3 (VP2.VP3) and 9.6-9.7 (VP5.VP7). By utilizing these specific recombinant baculoviruses, CLP production (comprised of VP3 and VP7) is only possible in co-infected cells and their for-mation is thus expected to coincide with the expression of both the outer capsid proteins VP2 and VP5. Coexpression of the VP5 and VP7 or VP2 and VP3 proteins were confirmed in cells infected with the appropriate baculoviruses ( Fig.  2B and C, respectively), while co-expression of all four capsid proteins were confirmed in cells infected with both of these baculovirus vectors (Fig. 2D ). Multimeric particles were purified at 48 h post-infection and their morphology was subsequently analyzed by TEM. Assembly inter-mediates representing forms of CLPs in the process of acquiring the outer coat components were observed. In addition, empty par-ticles with a diameter of ca. 82 nm were identified (Fig. 2H) , similar to that of authentic virions (Fig. 2I) . The fuzzy appearance of these VLPs is indicative of the assembly of the outer capsid consisting of VP2 and VP5 onto the spiky CLP structure formed by VP3 and VP7. However, these VLPs were few in number, often as low as two particles per grid, thus precluding their quantification. Although it could be demonstrated that the major capsid proteins assemble into VLPs, the low yield of VLPs is indicative of partial conversion of CLPs into fully assembled VLPs, possibly as a consequence of the stoichiometry of the expressed proteins.
Engineering and assembly of mutant AHSV CLPs
Although CLPs were synthesized, crystalline formation of AHSV VP7 trimers is thought to impede high-level production. To rationally engineer a mutant version of VP7 that may increase the soluble trimer concentration in the cytoplasm and turnover of CLPs, we generated and assessed protein models. Soluble trimeric VP7 of orbiviruses associate with the surface of the subcore layer and are organized around aqueous channels as hexameric rings, with pentameric rings at the vertices of the icosahedrons (Johnson and Speir, 1997; Grimes et al., 1998) . A homology model of a hexameric ring of AHSV-9 VP7 trimers (18 VP7 molecules) in contact with three underlying AHSV-9 VP3 molecules was generated based on a crystallographic reconstruction of BTV-1CLPs (Fig. 3A) . A marked structural resemblance exists in the overall architecture of the major core proteins and core particles of these two related orbiviruses (Burroughs et al., 1994; Basak et al., 1996 Basak et al., , 1997 Manole et al., 2012) , as well as acceptable phylogenetic relationships between their VP3 or VP7 proteins. The amino acid sequence identity shared between VP3 of AHSV-9 and BTV-1 was 57.5%, while their VP7 proteins shared 42.8% identity, thus exceeding the 30% cut-off value for homology modeling (Xiang, 2006) . The overall root mean squared distance (RMSD) for the entire heteromultimeric complex was 6.5 Å which, considering the complex size and the number of flexible loops, is good.
Helix 2 (residues 26-43) in the bottom domain of VP7 is solvent exposed, but extremely hydrophobic and shares a high degree of amino acid conservation with BTV (76.5%) (Fig. 3B) . In the AHSV model, VP7 makes 13 different hydrophobic contacts with the VP3 molecules. The ␣-helix 2 regions of three adjoining VP7 monomers largely form the flat base of trimeric VP7 (Fig. 3C) . The complete hydrophobic helix 2 and part of the adjoining loops (residues 20-50) is parallel to, and in close contact with the surface of VP3 (Fig.  3C) . Stabilization of helix 2 in relation to the VP3 layer may be mediated by interactions between specific residues in VP7 (Fig.  3D) . The R 22 residue appears to anchor a loop extending from helix 2 to the main body of VP7 by interacting with the V 16 backbone, thereby stabilizing the helix. The S 24 residue is located in a bend on the loop leading into helix 2 and the side chain may interact with the adjacent residue's (L 25 ) backbone, thereby stabilizing the loop and adjoining helix, while the N 38 residue appears to interact with T 97 located between ␣ -helix 4 and 5 in VP7. It is conceivable that the hydrophobicity of the solvent exposed, flat base of trimeric VP7 may be the driving force behind not only their assembly with preformed cores, but also their propensity to self-assembly into crystalline structures. Specific mutations in this region of BTV VP7 were reported to abrogate CLP formation and/or stability (Limn and Roy, 2003) .
The smaller top domain of VP7 (residues 121-249) does not interact with VP3 and contains antiparallel ␤-sheets and loops. The mutant VP7 utilized in this study to synthesize CLPs contained a 6-mer insertion in the RGD motif located on a highly flexible loop in the top domain that is positioned at the interface between two adjacent trimers, making it solvent accessible (Fig. 4A) . Insertion mutagenesis of the peptide, KLSRVD, downstream of residue R 177 resulted in an increase in the predicted hydrophilicity (Fig. 4B ) and may reduce interactions within the loop, thereby increasing its flexibility. The mutant protein was more soluble and stable trimer formation was demonstrated (Rutkowska et al., 2011) . Comparative analysis of models of native and mutant AHSV-9 VP7 that were generated utilizing a crystallographic reconstruction of the AHSV-4 top domain as homologue, revealed that the 6-mer insertion mutation did not alter the overall predicted structure of the top domain (Fig. 4C) . In the native VP7 protein, the RGD-containing loop appears to be stabilized by a polar interaction between the R 177 and D 180 , while no polar interactions were observed in the mutant RGD-containing loop (Fig. 4C) .
The mutant VP7 gene was co-synthesized with VP3 in Sf9 insect cells (Fig. 4D) . The size and ultrastructure of purified nanoparticles were indistinguishable from the CLPs comprising VP3 and the wild-type VP7 (Fig. 4E) . On average, at least a three-fold increase in the number of mutant CLPs was observed by TEM. The num-ber of similarly prepared CLPs and mutant CLPs within a field at a magnification of 60 000, ranged between 4 and 6 and 13-22 assembled particles, respectively. Fewer VP7 crystalline structures with markedly smaller dimensions and overall dissimilar morphological features were observed in cells infected with 9.3-9.7mut (VP3.VP7mut) (Fig. 4F ), compared to those infected with 9.3-9.7 (VP3.VP7) (Fig. 1B) . In addition, larger cytoplasmic arrays composed of empty nanoparticles were observed by TEM of sectioned infected cells (Fig. 4F) . No similar multimeric structures to those described an empty triangle ( ) are positioned on the opposite side of helix 2 and are unlikely to interact directly with the underling VP3 chain, while those labeled with a solid triangle ( ) may play a role. (C) Residues 20-50, comprising ␣-helix 2 and adjoining loops, forms the primary surface-exposed, flat, hydrophobic domain in VP7 that is parallel to, and in close contact with the subcore layer. (D) Residues that may play a role in the stabilization of helix 2 in relation to VP3 through inter-and intra-VP7 interactions are indicated. (A) A highly flexible loop in the top domain of AHSV VP7 containing an RGD motif (yellow) was targeted for mutation to increase the solubility of VP7 trimers. The region is located on the surface of the trimer and positioned at the interface between two adjacent trimers, making it solvent accessible. The two adjacent trimers shown here were segregated from the hexameric model. (B) The hydrophilicity profiles of the top domain (residues 121-249) of the mutant VP7 (red), containing an insertion mutation (KLSRDV) between residues 177 and 178, in comparison to native VP7. An increase in the predicted hydrophilicity of the mutant VP7 was evident in this region. (C) Homology protein models of the top domain of native VP7 versus mutant VP7. The flexible surface-exposed loops (yellow), containing the RGD motif (cyan) and/or 6-mer insertion above were observed in mock-infected and wild-type baculovirusinfected cells (Fig. 1D) .
Discussion
In this study, we describe expression of the four major structural proteins of AHSV in different combinations and their assembly into empty virus particles in insect cells. If a VLP-based vaccine for AHS is to be realized, then production of fully assembled CLPs must first be demonstrated, as they act as scaffolds for the assembly of the outer capsid proteins. Although the feasibility of assembling AHSV CLPs in insect cells was previously demonstrated (Maree et al., 1998) , the approach relied on co-infection with two recombinant bac-uloviruses expressing either the VP3 or VP7 gene and resulted in mostly partially assembled CLPs.
As a means to improve CLP assembly, a single recombinant baculovirus was constructed to facilitate co-synthesis of AHSV-9 VP3 and VP7 in insect cells. Notably, VP7 was synthesized to a much higher level compared to VP3, despite the use of promoters with similar strength. This prominent difference in the relative quantities of VP3 to VP7 was also reported following their individual in vitro and in vivo expression (Maree et al., 1998) , as well as in AHSV-infected BHK-21 cells (Grubman and Lewis, 1992) . These results and the relative amount in which each protein is required to assemble into particles, presumably thirteen VP7 molecules to two VP3 molecules (Burroughs et al., 1994) , suggest the existence of a genetically predetermined, differential quantitative expression mechanism. Linear or paracrystalline cytoplasmic arrays of empty CLPs were visible on electron micrographs in cross-sectioned recombinant VP3 and VP7 baculovirus-infected insect cells, but not in wild-type baculovirus infected cells. This result is indicative of the ability of AHSV CLPs to associate with the cytoskeleton in the absence of the other viral proteins. The prototypical orbivirus virion was also reported to be attached to the cytoskeleton singly or in such arrays (Eaton et al., 1987) . The production of CLPs that structurally resembled empty AHSV cores and bound to AHSV VP7 monoclonal antibodies, was demonstrated. The CLPs were characterized by regularity in the spatial distribution of VP7 rings and capsomers, suggesting that fully assembled CLPs were produced.
The in vivo synthesis of partial VLPs, i.e. CLPs associated with either VP2 or VP5, was demonstrated. This result is in agreement with in vitro BTV capsid assembly studies reported by Liu et al. (1992) . These results indicate that the two different capsid proteins can independently interact with preformed CLPs. Therefore, it may be possible to produce immunogenic partial AHS VLPs composed of the major core proteins of one serotype and VP2s of each of the nine serotypes. It is also feasible that the number of partial VLPs required to afford complete protection in vaccinated animals could be reduced by artificially combining the VP2s of more than one serotype in one particle. The presence of both proteins may, however, stabilize each other in the outer capsid layer. Liu et al. (1992) demonstrated that the level of interaction of BTV VP2 with CLPs is significantly reduced when expressed in the absence of VP5. It is thought that the interaction of VP5 with VP2 may enhance the conformation of VP2 Mertens et al., 1989; DeMaula et al., 2000) . Weak interactions of trimeric VP5 with both trimeric VP2 and VP7 have been identified and is likely to permit unfurling of the surface of VP5 trimer during virus entry, as well as shedding of the outer capsid layer to release the thetranscriptionally-active core particle (Zhang et al., 2010) .
Although complete AHSV VLPs were synthesized in this study, their yield was low.
The production of fully assembled CLPs represents a signifi-cant improvement over the previously used co-infection approach. However, the overall yield appeared to be low as evidenced by the sparse distribution of individual particles on electron micrographs. Aggregated material was also observed, but it could not be concluded with certainty that it contained paracrystalline CLPs. Both cytoplasmic and nuclear crystalline VP7, with small to extremely large dimensions, were observed in infected insect cells. This characteristic of AHSV VP7 to self-assemble (Burroughs et al., 1994; Chuma et al., 1992; Maree and Paweska, 2005) reduces the number of soluble trimers that can interact with the pre-formed VP3 subcore-like particles. In this regard, it is worth noting that BTV VP7 trimers are soluble and do not aggregate into crystalline structures. High yields of BTV CLPs produced in the baculovirus expression system are typically reported (French and Roy, 1990; Hewat et al., 1992; Belyaev and Roy, 1993; Roy et al., 1997) .
To rationally engineer AHSV VP7 trimers with increased solubility and without abrogating their self-assembly with VP3 into CLPs, we generated and analyzed protein homology models of a hexameric ring of VP7 trimers in interaction with the subcore layer. Although deductions from this heteromultimeric model at residue level were limited due to the resolution of the crystallographic template (3.50 Å), the major region of VP7 that interacts with VP3 could be identified with confidence. This primary interaction is hydrophobic in nature and engages the flat base of the trimers that is parallel to the subcore layer. This interfacial region comprises of ␣-helix 2 and part of the adjoining loops, and is rich in hydrophobic amino acids. The helix is predominantly conserved between AHSV and BTV. Limn and Roy (2003) reported that substitution of residues in this region of BTV-10 VP7, that are similar or identical to the corresponding residues of AHSV-9 VP7, with dissimilar amino acids, did not abrogate trimer forma-tion, but reduced CLP stability and/or formation The corresponding residues in AHSV-9 VP7 (R 22 , S 24 , M 30 , L 33 , G 34 , A 36 , N 38 , N 45 and S 47 ) were assessed in the model and putative inter-or intra-VP7 interactions could be identified that are thought to play a key role in the stabilization of ␣ -helix 2 in relation to the VP3 layer. Although the hydrophobicity of the flat base in the bottom domain of trimeric VP7 may contribute to their aggregation, it is evident that its composition is essential to not only mediate hydropho-bic interfacial VP3 and VP7 interaction, but also to stabilize VP7 helix 2.
Consequently, we aimed to increase the solubility of VP7 by increasing the hydrophilicity of the top domain. We identified a highly flexible surface-exposed loop located in the lower part of the top domain at the interface between two adjacent trimers for mutagenesis. Due to these attributes, as well as the absence of predicted interactions between residues in this flexible loop and other residues in the same or adjacent trimers, an insertion mutation in this region was not predicted to induce significant structural changes. A 6-mer peptide was inserted in front of the RGD motif in this region as described by Rutkowska et al. (2011) . A comparison of the homology models that were generated utilizing a crystallographic reconstruction of the top domain of AHSV-4 as homologue, did not reveal structural dissimilarities in the ␤ -sheets and remain-ing loops. An increase in the predicted hydrophilicity was also observed in the mutant version of VP7, due to the composition of the mutation (red) are also shown. (D) SDS-PAGE analysis of AHSV-9 VP3 and native or mutant VP7 in recombinant baculovirus-infected Sf9 whole-cell lysates. Standard protein size marker (lane 1); Wild-type (WT) baculovirus (lane 2); 9.3-9.7 (VP3.VP7) (lane 3). 9.3-9.7 (VP3.VP7mut) (lane 4). The sizes of the standard molecular weight markers are indicated to the left of the figure. (E) Transmission electron micrographs of negatively-contrasted, nanosized particles (ca. 72 nm) that were purified from cells cosynthesizing AHSV-9 VP3 and mutant VP7. (F) Large arrays of paracrystalline, empty nanoparticles in the cytoplasm of cells expressing AHSV-9 VP3 and mutant VP7. A single, small cytoplasmic (C) VP7 crystal is indicated.
peptide and an increase in the flexibility of this surface-exposed loop. Following co-synthesis of the mutant VP7 with VP3 in insect cells, we demonstrated that the efficiency of CLP production can be improved by utilizing this strategy. An increase in the yield of the resultant mutant CLPs was observed by TEM, while a decrease in the number, size and morphology of crystalline VP7 was evident. These results provided the first evidence that the turnover of AHSV CLPs production can be increased with a rational protein engineering approach aimed to increase the number of cytosolic trimeric VP7 molecules that remains in solution.
Conclusion
To date, the production of heteromultimeric AHSV CLPs and VLPs has remained an elusive goal. Here, we have demonstrated the synthesis of multilayered, empty AHSV particles. The results obtained in this study, however, also suggested that the goal of developing AHS VLP-based vaccines may not be achieved readily. This, therefore, necessitates that the expression system be optimized. For this purpose, genetic manipulation approaches aimed at increasing the yield of soluble VP7, without abrogating particle formation or disrupting major serogroup-specific epitopes, could further be investigated, as well as expression of a codon-optimized VP3 gene to increase the yield of VP3. In addition, quadruple baculovirus expression vectors that enable simultaneous expression of all four of the major capsid proteins of AHSV may be investigated as a means to facilitate production of VLPs. The synthesis of these complex multilayered, heteromultimeric particles is challenging. Nevertheless, the successes achieved with BTV VLP-based vaccines as a means to protect animals from disease (Mart´nez-Torrecuadrada et al., 1994; Noad and Roy, 2003; Roy et al., 2009; Stewart et al., 2013) warranted an investigation to determine whether AHSV CLPs and VLPs could be produced in insect cells with the baculovirus expression system.
The practical utility of AHSV VLPs as vaccines may, however, be limited in terms of cost-effectiveness, technical complexity of production, as well as problems with reproducibility and upscaling of production. It can be anticipated that these difficulties may intensify during large-scale production of multiple VLPs. The requirement for a polyvalent vaccine that includes multiple AHSV VLPs covering the VP2s of all nine serotypes to induce complete protection may further limit its practical use. However, VLPs may be of practical use if a monovalent vaccine is required for the control of an epizootic involving a single serotype. The ease of delivery will remain similar to the current conventional vaccine, depending on the coverage of the different serotypes in a specific vaccine formulation and stability of the synthetic particles.
